A kinetic study is reported for the nucleophilic substitution reactions of phenyl Y-substituted-phenyl carbonates (5a-5k) with piperidine in 80 mol % H 2 O/20 mol % DMSO at 25.0 ± 0.1 o C. The plots of k obsd vs.
Introduction
Aminolyses of esters have been reported to proceed through a concerted mechanism or via a stepwise pathway with a zwitterionic tetrahedral intermediate (T ± ) or with two intermediates (e.g., T
± and its deprotonated form T -). 1-8 Linear free energy relationships (LFERs) such as Brønsted-type plots, Hammett plots correlated with σ o and σ -constants and Yukawa-Tsuno plots have been reported to be the most popular tools to investigate reaction mechanisms.
1-8 Linear Brønsted-type plots with β nuc = 0.5 ± 0.1 obtained from aminolyses of esters have been taken as evidence for a concerted mechanism.
1-8 In contrast, curved Brønsted-type plots with changing the β nuc value from 0.9 ± 0.2 to 0.3 ± 0.1 have often been interpreted as a change in the ratedetermining step (RDS) of a stepwise mechanism, i.e., from breakdown of T ± to its formation as the incoming amine becomes more basic than the leaving group by 4-5 pK a units.
1-8 Hammett and Yukawa-Tsuno plots have also been employed to investigate the reaction mechanism, e.g., a linear Hammett plot correlated with σ o constants implies that the leaving-group departure occurs after the RDS, while a linear Hammett plot correlated with σ -constants or a linear Yukawa-Tsuno plot indicates that departure of the leaving group occurs in the RDS.
5-8
Many factors have been suggested to control the reaction mechanisms (e.g., the nature of electrophilic center such as C=O, C=S or P=O, and the electronic nature of the substituent in the leaving-or nonleaving group, etc.).
5-8 The reactions of 4-nitrophenyl benzoate (1) with a series of cyclic secondary amines have been reported to proceed through a stepwise mechanism in which breakdown of T ± occurs in the RDS on the basis of a linear Brønsted-type plot with β nuc = 0.81, 5f while the corresponding reactions of O-4-nitrophenyl thionobenzoate (2) have been concluded to proceed through a stepwise mechanism with two intermediates (i.e., T ± and T -) since the plots of k obsd vs.
[amine] curved upward.
6 In contrast, the reactions of 4-nitrophenyl diphenylphosphinate (3) with primary and secondary amines have been reported to proceed through a concerted mechanism on the basis of a linear Brønsted-type plot with β nuc = 0.38-0.53.
7 Thus, the nature of the electrophilic center (C=O, C=S or P=O) has been suggested to control the reaction mechanism.
We have recently reported that the reactions of 4-pyridyl X-substituted benzoates (4) with a series of cyclic secondary amines in MeCN proceed through a stepwise mechanism with one or two intermediates depending on the electronic nature of the substituent X in the benzoyl moiety, e.g., the reactions of substrates possessing a weak electron-withdrawing group (EWG) or an electron-donating group (EDG) proceed through a stepwise mechanism with one intermediate T ± , while those of substrates bearing a strong EWG proceed through a stepwise pathway with two intermediates T ± and T -. 5a This demonstrates that the electronic nature of the substituents in the nonleaving group is an important factor which controls the reaction mechanism. 5a The effect of leaving group substituents on the reaction mechanism has also been reported to be significant for ethylaminolysis of phenyl Y-substituted-phenyl carbonates (5a-5k), e.g., the reactions of substrates possessing a strong EWG in the leaving group proceed through a stepwise mechanism with one intermediate T ± , while those of substrates bearing a weak EWG proceed with two intermediates T ± and T -.
9
The nature of amines (e.g., primary vs. secondary) has also been reported to affect the reaction mechanism as well as the reactivity. As mentioned above, the reactions of 2 with secondary amines have been reported to proceed through a stepwise mechanism with two intermediates T ± and T -. In contrast, the reactions of 2 with a series of primary amines have been reported to proceed without the deprotonation process from T ± to yield T -, indicating that the nature of amines controls the reaction mechanism.
6b Besides, secondary amines have often been reported to be more reactive than isobasic primary amines.
5e,8b,9,10-14 Thus, we have extended our study to the reactions of 5a-5k with piperidine to obtain further information on the reaction mechanism. We have also compared the kinetic data obtained in this study with those reported previously for the corresponding reactions with ethylamine to investigate the effect of amine nature on reactivity and reaction mechanism.
Results and Discussion
All of the reactions in this study obeyed pseudo-first-order kinetics in the presence of large excess of piperidine. Pseudofirst-order rate constants (k obsd ) were calculated from the equation ln (A ∞ -A t ) = -k obsd t + C. The uncertainty in the k obsd values is estimated to be less than 3% from replicate runs. The correlation coefficient for the linear regressions was always higher than 0.9995. The plots of k obsd vs. [amine] for the reaction of substrates possessing a strong EWG in the leaving group (i.e., 5a-5i) are linear and pass through the origin, e.g., Figure 1 (5a) . In contrast, the plots of k obsd vs.
[amine] for the reactions of substrates bearing a weak EWG or no substituent (i.e., 5j or 5k) curve upward, e.g., Figure 1 (5k).
Effect of Leaving-Group Substituent Y on Reaction Mechanism. The fact that the plots of k obsd vs.
[amine] for the reactions of substrates possessing a strong EWG are linear and pass through the origin indicates that general-base catalysis by piperidine is absent and the contribution of H 2 O and/or OH -from hydrolysis of piperidine to k obsd is negligible. In contrast, the upward curvature shown in Figure 1 (5k) implies that piperidine behaves as a generalbase catalyst as well as a nucleophile for the reactions of substrates bearing a weak or no substituent (i.e., 5j or 5k). Such contrasting plots demonstrate convincingly that the electronic nature of the substituent Y in the leaving group governs the reaction mechanism. Thus, one can suggest that the reactions of 5a-5k with piperidine proceed through a stepwise mechanism with one or two intermediates depending on the electronic nature of the substituent Y (Scheme 1).
To account for the above idea that the electronic nature of the substituent Y in the leaving group governs the reaction mechanism, a qualitative energy diagram is illustrated in Figure 2 for the processes from T ± to form PH + (i.e., the k 2 process) and T -(i.e., the k 3 process). It is apparent that the energy barriers to yield PH + and T -from T ± would be dependent on the nucleofugality of the leaving group and the acidity of the aminium moiety of T ± , respectively. One might expect that the nucleofugality is strongly affected by the electronic nature of the substituent Y, i.e., the energy barrier for the k 2 route would decrease significantly as the substituent Y becomes a stronger EWG or vice versa. On the contrary, the energy barrier for the k 3 route would be little [amine] for the reaction of 3,4-dinitrophenyl phenyl carbonate (5a) and diphenyl carbonate (5k) with piperidine in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1 °C.
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Bull. Korean Chem. Soc. 2013 , Vol. 34, No. 7 2025 influenced by the electronic nature of the substituent Y due to the long distance between the substituent Y and the aminium moiety of T ± . It is evident that the reaction would proceed through the k 2 route when the energy barrier to form PH + from T ± is lower than that to form T -(i.e., the dashed lines in Figure 2 ) but through the k 3 route when the energy barrier to form T -from T ± is lower than that to form PH + (i.e., the solid lines in Figure 2 ). This idea is consistent with the experimental results that the reactions of substrates possessing a strong EWG (i.e., 5a-5i) proceed through the k 2 route because a strong EWG in the leaving group decreases the energy barrier for the k 2 route, while those of substrates bearing a weak or no substituent (i.e., 5j or 5k) proceed via the k 3 route because the energy barrier for the k 2 route increases as the substituent Y becomes a weaker EWG.
Calculations of Rate Constants k N , Kk 2 and Kk 3 . On the basis of the reactions illustrated in Scheme 1, k obsd can be expressed as Eq. (1) for the reactions of 5a-5i, in which piperidine acts only as a nucleophile. Thus, the second-order rate constants (k N ) have been calculated from the slope of the linear plots of k obsd vs.
[amine], and are summarized in Table  1 . In contrast, Eq. (2) represents the k obsd for the reactions of 5j and 5k, in which piperidine behaves as a general-base catalyst as well as a nucleophile. Eq. (2) 
(1)
In fact, as shown in Figure 3 , the plot of k obsd /[amine] vs.
[amine] is linear with a large intercept for the reaction of 5k. A similar result has been observed for the reaction of 5j, indicating that the assumption that k -1 >> k 2 + k 3 [amine] is valid under the reaction conditions. Thus, the second-and third-order rate constants (i.e., Kk 2 and Kk 3 , respectively) have been calculated from the intercept and slope of the linear plot, respectively, and are summarized in Table 1 .
Dissection of k N and Kk 2 into k 1 and k 2 /k -1 . As shown in Table 1 , the rate constants decrease as the leaving-group basicity increases, e.g., k 2 decreases from 1280 M The effect of leaving-group basicity on the rate constants is illustrated in Figure 4 . The Brønsted-type plot for the secondorder rate constants k N or Kk 2 obtained from the reactions of 5a-5k with piperidine curves downward, indicating that a change in the RDS occurs upon changing the leaving-group basicity. Thus, the nonlinear Brønsted-type plot has been analyzed using a semiempirical equation, Eq. (4), 15 in which β lg1 and β lg2 represent the slope of the Brønsted-type plot shown in Figure 4 for the weakly basic and strongly basic leaving groups, respectively, while k N o refers to the k N value at pK a o (defined as the pK a at the center of the Brønsted curvature, where k 2 = k -1 ). The β lg1 , β lg2 , and pK a o values determined are -0.41, -1.89, and 8.34, respectively.
The microscopic rate constants associated with the reac- tions of 5a-5k with piperidine (e.g., k 2 /k -1 ratios and k 1 values) have been calculated as follows. Eq. (5) can be simplified to Eqs. (6) and (7). Then, β lg1 and β lg2 can be expressed as Eqs. (8) and (9), respectively.
Eq. (9) can be rearranged as Eq. (10). Integral of Eq. (10) from pK a o results in Eq. (11) . Since k 2 = k -1 at pK a o , the term (log k 2 /k -1 ) pKa o is zero. Therefore, one can calculate the k 2 /k -1 ratio for the reactions of 5a-5k with piperidine from Eq. (11) using β lg1 = -0.41, β lg2 = -1.89 and pK a o = 8.34. The k 1 values have been determined from Eq. (5) using the k N values in Table 1 and the k 2 /k -1 ratios calculated above. The results are summarized in Table 2 .
Effect of Amine Nature on Reactivity. As shown in Table 2 , the k 1 value for the reaction with piperidine is larger than that for the corresponding reaction with ethylamine. This is consistent with the reports that primary amines are less reactive than isobasic secondary or tertiary amines, e.g., in the comprehensive investigation by Heo and Bunting for reactions of 72 primary and secondary amines with 1-methyl-4-vinylpyridinium ion, 10 in the recent systematic study by Mayr et al. for reactions of benzhydrylium ions, 11 in deprotonation of carbon acids such as nitroethane, 12a 4-nitrophenyl and 2,4-dinitrophenylacetonitriles, 12b-d in combination reactions of tris(p-anisyl)methyl cation, 13 in nucleophilic displacement reactions of chloramines 14a and N-(4,6-diphenoxy-1,3,5-triazine-2-yl) pyridinium ion.
14b We have also shown that primary amines are less reactive in aminolysis of 2,4-dinitrophenyl benzoate 5e and benzenesulfonate. 8b Solvent effect has been suggested to be responsible for the low reactivity shown by primary amines, since solvation energy increases in the order R 3 NH + < R 2 NH 2 + < RNH 3 + .
16,17
However, we have shown that secondary amines exhibit larger k 1 values than isobasic primary amines from dissection of the apparent second-order rate constants (i.e., k N ) for the reactions of 4-nitrophenyl phenyl carbonate with a series of primary and secondary amines into the microscopic rate constants (i.e., k 1 and k 2 /k -1 ).
18
The effect of leaving-group basicity on the k 1 values for the reactions with piperidine is illustrated in Figure 5 . The Brønsted-type plot for the corresponding reactions with ethylamine is also demonstrated for comparison. Figure 5 shows that the Brønsted-type plots are linear with β lg = -0.41 and -0.40 for the reactions with piperidine and ethylamine, Figure 4 . Brønsted-type plot for the reactions of phenyl Y-substituted-phenyl carbonates (5a-5k) with piperidine in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1 °C. The identity of the points is given in Table 1 . . The identity of the points is given in Table 2 .
• ○ respectively. This indicates that the reactions with piperidine and ethylamine proceed through similar TS structures, although piperidine exhibits much larger k 1 values than ethylamine. Thus, one can suggest that the higher reactivity shown by piperidine (a secondary amine) compared with ethylamine (a primary amine) is not due to any difference in the reaction mechanism (or TS structures) but is due to the fact that the secondary amine results in larger k 1 values than the primary amine. This is consistent with our previous report that secondary amines exhibit larger k 1 values than isobasic primary amines.
18 Thus, one can suggest that secondary amines are more nucleophilic than isobasic primary amines.
Conclusions
The kinetic study on the reactions of 5a-5k with piperidine has allowed us to conclude the following: (1) The reactions proceed through a stepwise mechanism with one or two intermediates depending on the electronic nature of the substituent Y in the leaving group, i.e., the reactions of substrates possessing a strong EWG in the leaving group (i.e., 5a-5i) proceed through the k 2 route with T ± , while those of substrates bearing a weak EWG or no substituent (i.e., 5j or 5k) proceed through the k 3 route with T ± and T -.
(2) The electronic nature of the substituent Y in the leaving group governs the reaction mechanism by increasing or decreasing the energy barrier for the k 2 route. (3) The Brønsted-type plot for the second-order rate constants k N or Kk 2 curves downward with β lg1 = -0.41, β lg2 = -1.89 and pK a o = 8.34, indicating that a change in the RDS occurs at pK a = 8.34. (4) The Brønsted-type plots for the k 1 values obtained from the reactions with piperidine and ethylamine are linear with β lg = -0.41 and -0.40, respectively, indicating that both reactions proceed through similar TS structures. (5) Piperidine results in larger k 1 values than ethylamine, which is responsible for the fact that the secondary amine is more reactive than the primary amine toward 5a-5k.
Experimental Section
Materials. Substrates 5a-5k were readily prepared from the reactions of phenyl chloroformate with Y-substituted phenol in the presence of triethylamine in anhydrous ether as reported previously. 19 The crude products were purified by column chromatography and the purity was checked by their melting points and 1 H NMR spectra. Piperidine and other chemicals were of the highest quality available. Doubly glass distilled water was further boiled and cooled under nitrogen just before use.
Kinetics. The kinetic study was performed with a UV-vis spectrophotometer for slow reactions (e.g., t 1/2 > 10 s) or a stopped-flow spectrophotometer for fast reactions (e.g., t 1/2 ≤ 10 s) equipped with a constant temperature circulating bath at 25.0 ± 0.1 o C. The reactions were followed by monitoring the appearance of Y-substituted phenoxide at a fixed wavelength corresponding to the λ max . All the reactions were carried out under pseudo-first-order conditions in the presence of excess piperidine. Typically, the reaction was initiated by adding 5 μL of a 0.02 M of substrate solution in MeCN by a 10 μL gastight syringe to a 10 mm quarts UV cell containing 2.50 mL of the thermostated reaction mixture made up of solvent and an aliquot of the amine stock solution. The piperidine stock solution of ca. 0.2 M was prepared by dissolving 2 equiv. of piperidine and 1 equiv. of standardized HCl solution to make a self-buffered solution. All the solutions were transferred by gastight syringes under nitrogen. Generally, the concentration of piperidine was varied over the range (1-150) × 10 -3 M, while the substrate concentration was ca. 4 × 10 -5 M. The plots of ln (A ∞ -A t ) vs. t were linear over ca. 90% of the total reaction.
